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Abstract - In order to fabricate a large-bore, high-field 
magnet which achieves a low coil weight and volume, a high 
strength compound superconducting wire is required. The 
alumina-copper strengthened (Nb,Ti),Sn wire which contained 
30 vol.% alumina-Cu alloy fabricated by using the tube 
process has been developed and tested for critical current 
density, mechanical properties, transverse compressive stress 
effects and related properties. As a result, it was found that the 
reinforced (Nb,Ti)& wire had high transverse compressive 
stress tolerance, for example only 3% decrease which was 
1/3 of the Cu matrix wire in IJ1,o at 60 MPa and reversibility 
in IC between 0 and 200 MPa. Using the newly developed 
reinforced-(Nb,Ti)3Sn wire, it will be possible to fabricate a 
lightweight, large-bore, high-field and compact 
superconducting magnet in the near future. 
I. INTRODUCTION 
Filamentary superconducting @%,Ti), Sn wire which 
becomes increasingly important as a high-field conductor, 
however, suffers from the disadvantage that its 
superconducting properties rapidly degrade under tensile 
stress and strain, bending strain, and transverse 
compressive stress due to reeling and coiling when a 
coil is wound, and due to the electromagnetic force 
generated when a coil is energized, and due to induced 
thermal strain upon cooling when various materials, Nb, 
Cu, Cu-Sn, and (Nb,Ti)$n which have different thermal 
contraction coefficients, are used for the composite 
wire. With increasing the magnetic field and diameter of 
the coil, the electromagnetic force increases. Large 
electromagnetic force is applied to the wire as a hoop 
stress which is axially tensile and as a transverse 
compressive stress. 
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To fabricate a large bore and high magnetic field, until 
now we have needed a conductor and a coil which are 
both heavy and large in volume in order to sustain the 
magnet's large electromagnetic force To achieve a lower 
coil weight and volume a high strength conductor which 
can be co-reduced with reinforcement material and 
(Nb,Ti),Sn wire is required In order to withstand the 
hoop stress various reinforcement materials, hard 
copper, for example, were used to be soldered in contact 
with (Nb,Ti),Sn [l]  The reinforcing material must have 
good mechanical properties, high electrical conductivity, 
and easy producibility Alumina dispersion-strengthened 
copper alloy and Cu-Nb alloy, which can be co-reduced 
with a w,Ti ) ,Sn  wire, are not softened even when they 
have been subjected to a reaction temperature of about 
700 "c for many hours to form (Nb,Ti),Sn layer [2],[3] 
We have reported development and superconductivity of 
alumina-dispersion strengthened alloy matrix (Nb,Ti),Sn 
composite wire with 20 vol % alumina-copper alloy in the 
whole volume of the wire [ 3 ]  Furthermore, we need a 
reinforced wire which has longer length and higher 
mechanical strength than the 20 vol.% alumina-copper 
matrix (Nb,Ti),Sn wire in order to fabricate a real coil, 
such as a compact 40 T class hybrid magnet [4] Effect of 
transverse compressive stress on critical current is one of 
the most important factors which affect superconducting 
properties for coil fabrication because degradation in 
critical current of (Nb,Ti),Sn wire due to transverse 
compressive stress is much larger than that due to 
tensile stress [ 11 
In this paper, we describe the development of a highly- 
strengthened alumina-copper alloy matrix (Nb,Ti), Sn 
composite wire fabricated by using the tube process and its 
mechanical and superconducting properties 
11. F~BRICATION 
A.  Deoxidizution Processed Alumina - Copper Alloy 
We have developed a selective deoxidization process of 
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Fig 1 Cross-sectional view of alumina-Cu reinforced (Nb,Ti)?Sn wire 
alumina-copper alloy [SI. For fabricating the actual coil it 
is required to establish the mass production process of the 
order of at least several tens of kg of alumina-copper alloy. 
Firstly, copper oxide and alumina powders were prepared as 
starting materials. Brittle copper oxide powder and alumina 
powder are mixed and then pulverized in a large- 
capacity ball mill which can suppress contamination. The 
resulting powder of the order of several tens of kg, 
which was contaminated by less than 20 ppm Fe, is 
more homogeneous and finer than a mixture of metallic 
copper and alumina. The mixture is then heat-treated in an 
H2 atmosphere and the copper oxide powder in the 
mixture is selectively deoxidized and continuously hot- 
pressed at around 900 "c in H2 atmosphere for compacting. 
The continuous process of deoxidization and hot-press in 
H, contributes to effective mass production. The 
fabricated alumina-Cu alloy ingot has good workability and 
was worked to form rods and tubes for the wire 
fabrication. 
B. Tube Processed (Nb, ;r'i)jSr? Composite Wire 
The reinforcement material, alumina-copper, was co- 
reduced with the (Nb,Ti),Sn wire by using the tube process 
The tube processed (Nb,Ti),Sn wire is known to yield high 
critical current density (Je) at high fields and has been used 
in many high-field magnets [6] , [7]  We selected a structure 
of alumina-Cu alloy which was placed in the center and the 
periphery of the cross-section of a composite wire and a 
ring-like bundle of (Nb,Ti),Sn filaments The fabrication 
process was as follows A single core wire consists of the 
Nb-Ti tube with copper sheathed tin core inside and 
copper tube outside To fabricate a multifihmentary wire, 
TABLE I 
SPECFICATIONS OF THE FABRICAIED (Nb,Ti)3Sn WIRES 
(alumina-Cu matnx & Cu matrix*) 
round rectangular 
Wire diameter (mm) 0 5  1 3 5 x  95 
Filament diameter ( M  m) 26 95 
Number of filament 132 132 
Volume fraction (%) 
non-matnx 36 36 
Cu matrix 34 (64*) 34 (64") 
alumma-Cumatnx 30 (0") 30 (O*) 
single core wires were bundled together to form 132 
filaments which surrounded a central alumina-Cu core 
Further, the multi-core wires which contained the alumina- 
Cu inside were clad by an alumina-Cu tube and a pure Cu 
tube outside A composite wire with this structure has a 
volume fraction of alumina-Cu alloy of about 30% The 
composite wire was extruded, drawn down to the final size 
without intermediate annealing, and finally submitted to a 
reaction at 720 - 730 "c for several tens of hours to form 
a (Nb,Ti),Sn layer inside the Nb filaments A cross- 
sectional view of one of the fabricated wires with 
rectangular cross-section is shown in Fig 1 For comparison, 
a (%.Ti)& wire with an all copper matrix was fabricated 
Specifications of these fabricated wires are listed in Table I 
111. EXPERIMENTAL PROCEDURE 
Mechanical properties; tensile strength, yield strength 
and Vickers hardness, for example, of the alumina-Cu alloy 
were measured. Characteristics of transverse compressive 
stress vs I, normalized by I,, (I, at zero applied 
stress) at 14 T for both the alumina-Cu matrix 
(Nb,T&Sn composite wire and Cu matrix (Nb,Ti)$n wire 
were measured. The I, of wires and electrical resistivity at 
4.2 K ofthe alumina-Cu alloy were measured in a transverse 
magnetic field of up to 23 T at 4.2 K using a hybrid magnet 
at Tohoku University. An apparatus for evaluation of 0 
vs 1, was newly made in order to measure a scale model 
wire which had a cross-sectional area of several mm2 and I, 
of several hundreds of A at high field. The apparatus 
achieved a transport current up to 1 kA and transverse 
compressive force up to 1 ton at 14 T for the wire of 70 mm 
in length. 
( o 
I v  RFXJLTS AND DISCUSSION 
A. Mecharzical Properties 
ARer heat-treatment of the fabricated alumina-Cu alloy at 
730 "c for 30 h which was the same condition as 
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Fig. 2 Electrical resistivity at 4.2 K as a h c t i o n  of applied field for various 
reinforced materials 
(Nb,Ti),Sn formation, a high 0 2% proof stress of about 500 
MPa which was twice as high as that of oxygen-free Cu was 
obtained at liquid nitrogen temperature Electrical resistivity 
at 4.2 K vs magnetic field curves for oxygen-free Cu, 
deoxidization processed alumina-Cu, and oxidization 
processed alumina-Cu, as shown in Fig. 2. The 
deoxidization processed alumina-Cu alloy, which was lower 
than that of an oxidization processed alloy, coincided with 
the value for the oxygen-free copper at around 20 T. High 
mechanical properties of the alloy in the co-worked 
(Nb,Ti),Sn composite wire were kept even after heat- 
treatment From those results it is assumed that very fine 
alumina particles which were homogeneously dispersed in 
Cu contributed to high strength and there was no 
contamination of aluminum in copper in this process 
For the reinforced (Nb,Ti),Sn composite wire, tensile 
strength at room temperature of 330 M a  obtained, which 
were 1 8 times those of the Cu matrix (Nb,Ti),Sn wire 
having the same configuration and size as the reinforced 
wire, respectively Yield strength (0.2% proof stress) at 
room temperature of the reinforced (Nb,Ti),Sn wire with 30 
vol % alumina-Cu alloy, 260 MPa, was larger than that of 
the previously developed wire with 20 vol % alloy. 
B. Superconducting Properties 
Characteristics of J,, which was obtained by dividing I, 
by the cross-sectional area of non-copper portion, vs. 
magnetic field were measured for the alumina-Cu matrix 
(Nb,Ti),Sn wires with rectangular cross-section and round 
one, compared with the Cu matrix wire, shown in Fig. 3 .  
The J, of the alumina-Cu matrix wire was lower than that of 
the Cu matrix wire, because the alumina-Cu matrix, 
-Aluma-Cu (round) 
-e- Alumina-Cu (rectangular) 
l o o o 0 ’ 1  - c u  (round) h E E 9 
10 12 14 16 18 ’ 20 
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Fig.3 Critical current density (100 rU V/m criterion) 
applied field for (Nb,Ti),Sn wires fabricated by using the tube process 
as a hnction of 
having large yield stress, gave large compressive stress to 
the (Nb,Ti),Sn layer during the process from heat-treatment 
to cooling immersed by liquid He . The J, of the 
rectangular wire generally decreases as compared with that 
of a round wire because of its deformation and anisotropy. 
Obtained J,1s at 15 T were 450 .“m2 and 630 “mz for 
the rectangular wire and the round one, respectively, 
which were much higher than those of other processed 
(Nb,Ti),Sn wires. 
Effect of o on I, at 14 T was studied for the alumina- 
Cu reinforced (Nb,Ti),Sn wire and an ordinary Cu matrix 
wire with rectangular shape, as shown in Fig. 4. The 
compressive force was applied perpendicularly to the 
narrow surface of the rectangular shaped composite wire. 
This experimental way of applying the force to the wire is 
the same condition as the case of the real coil. The alumina- 
Cu reinforced (Nb,Ti),Sn wire’s characteristics were 
excellent under compressive stress; only 3% decrease in 
I& at applied 60 MPa of 0 
140 MPa. On the other hand, the Cu matrix wire was more 
sensitive to compressive stress; 9% and 28% decrease in 
IFco at 60 MPa and 140 MPa of applied stress, respectively. 
Effect of o on I, of the reinforced (Nb,Ti),Sn wire was 
2.5 - 3 times better than for the Cu matrix wire. 
Next we tried to examine the effect of repeated stress, i.e. 
loaded-unloaded, on the I, of the wire. This experiment 
corresponds to an operation of charged-discharged 
condition in the coil. When the o Z  was unloaded 
after 200 MPa of loaded stress, I, recovered 100% of IC, 
(initial I, at zero applied stress) from a 21% decrease in IJIc0 
for the reinforced wire. This behavior was reversible even 
after several repeats between 0 and 200 MPa. On the 
other hand, the I, of the Cu matrix wire did not recover 
100% of I,, and showed 12% decrease in IJI,, in spite 
ofunloaded condition after 200 M a  loading with 37% 
and 12% decrease at 
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Fig.4 Ic/Ico as a Cunction of transverse compressive stress for alwnina-Cu 
reinforced (Nb,Ti)jSn wire and Cu matrix (Nb,Tij3 Sn wire 
decrease in I&. Subsequently the second attempt to apply 
CJ of 200 MPa for the Cu matrix wire was carried out 
after unloaded condition from the first 200 MPa loading. 
The I, decreased more and more as compared with the first 
200 MPa loading and the second loading brought about 
42% decrease in I,. When the stress was unloaded again 
after the second attempt, an 18% decrease in I, was 
observed and the second unloaded I, was lower than that of 
the first unloading. These load-unload sequences showed 
reversible characteristics for the reinforced (Nb,Ti),Sn wire 
and irreversible ones for the Cu matrix wire. As mentioned 
above, the alumina-Cu alloy has higher mechanical 
properties, yield strength and tensile strength, than pure 
Cu. From the point of view of compressive stress tolerance 
it is considered that alumina-Cu matrix played a role in an 
armour against the transverse compressive stress and the 
alumina-Cu alloy protected (Nb,Ti),Sn layer from 
applied stress-strain and diminished stress-strain 
applied to (Nb,Ti),Sn layer. As the strain which actually 
applied to the (Nb,Ti),Sn layer of the wire was small due 
to the reinforcing material, decrease in I, was reduced and 
reversibility in I, against the change in compressive 







We have developed the mass production process for 
alumina dispersion-strengthened copper alloy of the order 
of several tens of kg per one batch by using a selective 
deoxidization process which has good workability, 
high mechanical strength, and high conductivity. The 
alumina-Cu material was used to replace some parts of the 
Cu matrix in the (Nb,Ti),Sn wire fabricated by the tube 
process. The reinforced (Nb,Ti),Sn composite wire using 
30 vol YO alumina-Cu alloy was successfully fabricated 
without any trouble The reinforced (Nb,Ti),Sn wire has 
high transverse compressive stress tolerance, for example 
only 3% decrease which was 1/3 that of the Cu matrix wire 
in IJI,, at 60 MPa and reversibility in I, between 0 and 200 
ma. Using the newly developed reinforced-(Nb,Ti)$n 
wire, it will be possible to fabricate a lightweight, large- 
bore, high-field and compact superconducting magnet, such 
as a backup coil of 40 T hybrid magnet in the near future. 
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